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G laucoma is a progressive optic neuropathy characterized by injury to the retinal ganglion cells, leading to loss of the retinal nerve fiber layer (RNFL). Retinal nerve fiber layer defect detection is important for diagnosing and managing glaucoma. Optical coherence tomography (OCT) allows objective and quantitative evaluation of the RNFL. 1 Most studies have investigated the detection ability of OCT in glaucoma patients with definite localized RNFL defects identified on red-free fundus photography. [2] [3] [4] [5] However, only 20% of glaucoma patients have localized photographic RNFL defects. 6 In histologic studies, clinical detection of RNFL defects by redfree fundus photography is possible after a 50% loss of the RNFL. 7 We have observed that RNFL thinning measured by OCT does not appear as a defect in the red-free fundus photography. Moreover, diffuse RNFL defects are the initial structural abnormality of early glaucoma in 50% of cases. 8, 9 Despite the fact that many cases could have diffuse defects or invisible defects with red-free fundus photography, little is known about evaluating RNFL defects in such circumstances.
In this study, we identified RNFL defects by the degree of RNFL loss, using RNFL thickness map of spectral-domain OCT (Cirrus HD-OCT; Carl Zeiss Meditec, Dublin, CA, USA) regardless of the presence of localized photographic RNFL defects, and we evaluated the effective degree of RNFL loss for the identification of glaucomatous RNFL defects. In addition, we quantitatively measured the area, volume, location, and width of RNFL defects in order to evaluate diffuse RNFL defects.
21 mm Hg. Inclusion criteria of glaucoma subjects were the presence of RNFL defects on red-free photographs or glaucomatous appearance of the optic nerve head on color fundus photographs (neuroretinal rim notching or thinning, or optic disc hemorrhage) and the presence of visual field defects that corresponded to the RNFL defects or optic nerve head abnormalities. Visual field defects were defined as (1) a cluster of three or more nonedge contiguous points with probabilities of <5% on the pattern deviation plot, at least one of which was depressed below the 1% level, (2) glaucoma hemifield test results outside of normal limits, or (3) a pattern standard deviation (PSD) with a P value < 0.05 as confirmed by at least two reliable examinations. The severity of glaucomatous damage was classified into mild (mean deviation ‡ À6 dB) and moderate to advanced (mean deviation < À6 dB). The visual field tests were considered reliable on the basis of fixation losses and false-positive and false-negative results of 15% or less.
The exclusion criteria consisted of best-corrected visual acuity worse than 20/30, spherical equivalent refractive errors of less than À6.0 diopters (D) or greater than þ3.0 D, or the presence of any ophthalmic or neurologic disease known to affect RNFL thickness or visual function.
Retinal Nerve Fiber Layer Image Acquisition
An Optic Disc Cube scan protocol was used to generate the RNFL thickness map with a Cirrus HD-OCT (software version 5.1; Carl Zeiss Meditec) with an 840-nm wavelength light source, a 5-lm axial image resolution, and a speed of 27,000 A-scans per second. This protocol consisted of 200 3 200 axial scans (pixels) on the 6 3 6-mm 2 optic disc region. The built-in analysis software automatically segmented the RNFL boundary and calculated the RNFL thickness. Retinal nerve fiber layer segmentation was checked for every OCT image. A built-in algorithm automatically detected the center of the optic disc, and its coordinates were displayed in the result report as the degree of movement from the center of RNFL thickness map (e.g., ''Disc Center [À0.02, 0.04] mm''). To compare the same area from the center of the optic disc, the center of the optic disc was realigned to the center of the RNFL thickness map (equal to [0.00, 0.00] mm). All images had a signal strength of at least 7. Images with motion artifacts were rescanned at the same visit.
Normative RNFL Thickness Map Database
A normative database was made up of another 261 eyes of healthy Korean subjects ranging in age from 18 to 81 years (mean, 56.4 6 10.2 years). All individuals in the normative database had complete ophthalmic examinations and were selected by using the same criteria as the normal control group. The mean deviation of the visual field test was 0.27 6 1.03 dB. The distribution of age was as follows: 44 eyes in 18-to 30-year-olds, 41 eyes in 31-to 40-year-olds, 45 eyes in 41-to 50-year-olds, 48 eyes in 51-to 60-year-olds, 41 eyes in 61-to 70-year-olds, and 42 eyes in >70-year-olds. Significant negative correlations were found between age and RNFL thickness (À0.26 lm/y; P ¼ 0.014). To accurately differentiate age-related RNFL change from glaucomatous RNFL loss, the normative RNFL thickness map database was adjusted by age-related rate of change.
Identification of RNFL Defects
Retinal nerve fiber layer thickness measurements of 200 3 200 pixels of the RNFL thickness map were extracted by a Cirrus HD-OCT Research Browser (Carl Zeiss Meditec). In the RNFL thickness map, we defined RNFL defects by the degree of RNFL loss. A 20% to 70% degree of RNFL loss with a 1% interval was set as the reference level for RNFL defect determination. To identify the boundary of RNFL defects, each individual RNFL thickness map was compared to the normative database map by using MATLAB software (The MathWorks, Inc., Natick, MA, USA; Fig. 1 ) and the region below the reference level (20%-70% loss of RNFL with 1% interval) was detected (Fig. 2) . We excluded the eyes that moved more than 0.25 mm from the center of the RNFL thickness map, and analyzed within a 5.5-mm square. The optic disc area (range, 1.00-4.12 mm 2 ) varies among subjects, so we removed the 2.5-mm-diameter circular area in the RNFL thickness map.
Retinal Nerve Fiber Layer Defects Quantification
The quantitative characteristics (area, volume, location, and angular width) of RNFL defects were measured by a computer program written by using MATLAB software (Fig. 1C) . To evaluate the location of RNFL defect, the center of RNFL defect was calculated.
where R is the center of mass, M is the sum of the masses, m i is the mass of particle, and r i is the coordinates of particle. The center of the RNFL defect was described with polar coordinates, in which each point on a plane is determined by a distance from the center of the optic disc and an angle from a temporal equator. Angles were measured in a clockwise direction in right eyes and in a counterclockwise direction in left eyes, with the temporal equator set at 08. The angular width of RNFL defects was determined where the boundary of RNFL defects met the circle passing through the center of RNFL defect. A diffuse RNFL defect was defined as having an angular width > 308. 10 Multiple RNFL defects were separately measured. If multiple RNFL defects were present in superior or inferior quadrants, localized or diffuse RNFL defects were determined by the sum of the angular width within each quadrant.
Statistical Analyses
Statistical analyses were performed by using SPSS software (version 18.0; SPSS, Inc., Chicago, IL, USA) and MedCalc (version 12.2.1; MedCalc Software, Ostend, Belgium). To evaluate the difference between the normal and glaucoma groups or between localized and diffuse RNFL defect groups, subject demographics and quantitative measurements of RNFL defect were compared by using an independent t-test and Pearson v 2 test. To determine the appropriate reference level for glaucomatous RNFL defect identification, the glaucoma diagnostic ability of RNFL defect area and volume among several reference levels were compared by using the areas under the receiver operating characteristic curve (AUCs). Significant differences between AUCs were assessed by using the method described by DeLong et al. 11 Univariate and multivariate logistic regressions were performed to evaluate the association of age, refractive error, signal strength, disc area, rim area, average RNFL thickness, and RNFL defect FIGURE 2. Identified RNFL defects according to the percentage RNFL loss. A 20% to 70% degree of RNFL loss with a 1% interval was set as the reference level for RNFL defect determination. The higher the degree of RNFL loss set, the smaller the RNFL defect region (red line) detected.
parameters (area, volume, angular location, and distance from optic disc center) with the severity of glaucomatous damage in diffuse RNFL defect.
RESULTS
Subject demographics are summarized in Table 1 . There were significant differences in signal strength, mean deviation, PSD, rim area, and average RNFL thickness between the normal and glaucoma groups. Among 170 glaucoma patients, 31 (18.2%) had visible RNFL defects in red-free fundus photography. Retinal nerve fiber layer thickness map analysis, which detects at least 42% loss of RNFL, identified RNFL defects in all (100%) cases. Among 186 normal subjects, false-positive RNFL defects were detected in 16 (8.16%) cases in RNFL thickness map. The area, volume, and width of false-positive defects were significantly smaller than those of glaucomatous defects (all P < 0.001). False-positive defects were located in the superonasal (102.78) or inferonasal (253.38) quadrants, in contrast to glaucomatous defects, which were located in the superotemporal (71.88) or inferotemporal (290.58) quadrants (P < 0.001). False-positive defects were not associated with age, sex, intraocular pressure, signal strength, refractive error, mean deviation, PSD, disc area, rim area, or average RNFL thickness (P > 0.05).
The AUCs, sensitivity, and specificity according to the degree of RNFL loss are presented in Figure 3 . At 42% loss of RNFL, the RNFL defect area (AUC, 0.978; sensitivity, 95.3%; specificity, 90.9%) and volume (AUC, 0.980; sensitivity, 95.9%; specificity, 91.9%) showed the highest glaucoma diagnostic performance. Average RNFL thickness (AUC, 0.953; sensitivity, 86.0%; specificity, 92.5%), which is analyzed by OCT's built-in algorithm on the 3.46-mm circle, showed the highest performance among circumpapillary RNFL parameters, followed by inferior (AUC, 0.933; sensitivity, 83.5%; specificity, 91.0%), and 7 o'clock (AUC, 0.927; sensitivity, 81.8%; specificity, 89.6%). The area and volume of RNFL defects had significantly greater AUCs than average RNFL thickness in the range of 35% to 46% loss of RNFL (all P < 0.01). Based on this result, the reference level for glaucomatous RNFL defect identification was set to 42% loss of RNFL in this study. Table 2 presents the distribution of the angular width and location of 307 RNFL defects identified on the RNFL thickness maps, when multiple RNFL defects were separately measured. Among 170 glaucoma patients, 62 (36.5%), 83 (48.8%), 22 (12.9%), 2 (1.2%), and 1 (0.6%) had single, double, triple, quadruple, and quintuple RNFL defects, respectively. The RNFL defects located most frequently at the inferotemporal area (42.0%), followed by the superotemporal area (32.5%), the superonasal area (11.0%), the inferonasal area (10.0%), and the temporal area (4.5%). The most common angular width of RNFL defect was 108 to <208 (28.6%), and RNFL defects with an angular width > 308 were 47.5%.
Defining diffuse RNFL defect as having a sum of angular width > 308 in superior or inferior quadrants (Figs. 4A, 4B, localized RNFL defect; Figs. 4C-E, diffuse RNFL defect), 109 (64.1%) glaucoma subjects had diffuse RNFL defects. The comparison between localized and diffuse RNFL defects is presented in Table 3 . The area and volume (4.64 mm 2 and 0.28 mm 3 , respectively) of diffuse RNFL defects were significantly greater than those (1.45 mm 2 and 0.08 mm 3 , respectively) of localized RNFL defects (P < 0.001). Diffuse RNFL defects were located closer to the center of the optic disc than localized RNFL defects (P < 0.001). There was no significant difference in angular location between both groups. Diffuse RNFL defects showed a higher degree of myopia, more severe visual field defects, and a thinner average RNFL thickness than localized RNFL defects (all P < 0.001). The proportion of mild and moderate-to-advanced visual field defects was 50:11 (82.0%:18.0%) in the localized defect group and 52:57 (47.7%:52.3%) in the diffuse defect group (P < 0.001). When analyzed within mild glaucoma group, significant differences between localized and diffuse RNFL defect were found in area, volume, and distance location of RNFL defect, refractive error, and average RNFL thickness (all P < 0.01).
Within the diffuse RNFL defect group, moderate-to-advanced glaucoma had significantly greater area, volume, and width of RNFL defects than mild glaucoma (P < 0.001). The distance from the center of the optic disc to the center of the RNFL defect was shorter in moderate-to-advanced disease than in mild disease (P ¼ 0.004). However, within the localized RNFL defect group, these parameters did not show significant differences between mild and moderate-to-advanced glaucoma. Univariate and multivariate logistic regression analyses are summarized in Table 4 . The severity of glaucomatous damage in diffuse RNFL defects was associated with the rim area, the average RNFL thickness, and the area, volume, and width of the RNFL defect by univariate logistic regression analysis (P < 0.05). Among these factors, the volume of the RNFL defect was found to be significantly associated with the severity of glaucomatous damage in diffuse RNFL defects with multivariate logistic regression analysis (odds ratio: 4.843, 95% confidence interval: 1.536-11.327, P ¼ 0.011).
DISCUSSION
How much RNFL loss is required for clinical detection of glaucomatous damage in human eyes? Quigley and Addicks 7 have reported that clinical detection of RNFL defects is possible after a loss of 50% of the neural tissue in primate eyes. However, RNFL thinning could be more extensive than it appears on fundus examination or red-free RNFL photography. 2 Retinal nerve fiber layer defects affecting glaucoma development might begin at less than a 50% loss of RNFL. Optical coherence tomography can provide an answer with high-resolution, cross-sectional images that allow in vivo measurement of tissue thickness. 12, 13 In this study, we found that the optimal reference level for glaucomatous RNFL defect identification was 42% loss of RNFL, using spectral-domain OCT. The higher the degree of RNFL loss set as a reference level, the smaller the RNFL defect region detected (Fig. 2) . From this, we can infer that red-free RNFL photography might miss or underestimate the actual extent of RNFL defects.
Previous studies that assessed RNFL thickness maps have defined RNFL defects as dark blue or blue/black areas. 14, 15 These criteria were effective for finding visible localized RNFL defects with clear margins in red-free photography. However, only 18.2% of glaucoma subjects had photographically visible RNFL defects (Fig. 4A) , and color interpretation might be subjective, leading to false-negative results (Figs. 4B, 4E ) or difficulty in determining the boundaries of RNFL defects (Fig.  4D) . Defining RNFL defects as structural RNFL loss could provide an objective approach for the interpretation of RNFL thickness maps. Retinal nerve fiber layer defects, defined by 42% loss of RNFL in this study, were identified in all glaucoma patients regardless of whether they were visible or invisible in red-free photography and whether they were localized or diffuse. Data shown as number of RNFL defects (%).
FIGURE 4. (A)
The visible localized RNFL defects (red arrowhead) in red-free RNFL photography could be detected in original (red arrowhead) and analyzed (red dashed line) RNFL thickness map. (B) The invisible localized RNFL defect in red-free RNFL photography might be missed in original RNFL thickness map, but could be detected in analyzed RNFL thickness map. (C) The visible diffuse RNFL defects in red-free RNFL photography could be detected by less fine striation of RNFL bundles (red curved arrow) in contrast to opposite side with healthy striation (green curved arrow). The boundaries of diffuse RNFL defects were difficult to determine in red-free RNFL photography. In the original RNFL thickness map, defects were determined subjectively by location of dark blue areas (red arrowhead). Analyzed RNFL thickness map could objectively delineate Three-dimensional volumetric RNFL thickness map analysis showed better glaucoma diagnostic performance than circumpapillary RNFL thickness measurement. Better diagnostic ability can be explained by the selective analysis of RNFL damage. Because the damaged RNFL is mixed with the adjacent normal RNFL in clock-hour sector, dilution of glaucomatous damage is inevitable. Circumpapillary RNFL thickness may miss or underestimate RNFL defects, so it cannot exactly measure the damaged area (Fig. 5A ). In addition, RNFL defect, which exists outside 3.46-mm-diameter scan circle, may be ignored (Fig. 5B) . In this study, we selectively analyzed the damaged area defined by at least 42% loss from normative RNFL thickness database, such that the new parameters more closely reflect actual RNFL change.
Although RNFL thickness maps were highly sensitive for identifying RNFL defects, the false-positive rate should be considered. Hwang et al. 15 have reported that 6.0% had falsepositive RNFL color codes in the thickness map and these were associated with a higher degree of myopia. Kim et al. 16 have reported that 20.1% show false-positive RNFL color codes in the RNFL deviation map, and the axial length and disc area are significantly associated with an increased incidence of false positives. In this study, 8.16% among 186 normal subjects showed false-positive RNFL defects, but no factors were the boundaries of diffuse RNFL defects corresponding with visual field tests. (D) The invisible diffuse RNFL defects in red-free RNFL photography had the broadly diminished striations of RNFL bundles in both superior and inferior quadrants. It is difficult to determine the boundaries in the original RNFL thickness map owing to the broad ambiguous dark blue color patterns. Analyzed RNFL thickness map showed diffuse double RNFL defects with clear boundaries. The wider inferior RNFL defect corresponded to the more severe visual field defect in the superior quadrant. (E) Redfree RNFL photography and original RNFL thickness map showed double visible localized RNFL defects (red arrowhead). However, analyzed RNFL thickness map showed triple RNFL defects. The sum (>308) of inferior RNFL defects and corresponding visual field defects was suitable for diffuse RNFL defects. In this case, the original RNFL thickness map missed RNFL defects proceeding beyond large vessels (asterisk).
FIGURE 5.
(A) Three-dimensional volumetric RNFL analysis detected diffuse and localized RNFL defects consistent with red-free RNFL photography (red arrowheads). Inferotemporal localized RNFL defect distributed from 312.28 to 327.78 (from 7 to 8 o'clock), and superotemporal diffuse RNFL defect distributed from 40.58 to 83.58 (from 10 to 12 o'clock). In conventional circumpapillary analysis, damaged RNFL is mixed with adjacent normal RNFL in clock-hour sectors, so its influence is diluted. Circumpapillary RNFL thickness missed localized RNFL defect and underestimated diffuse RNFL defect (black arrows; expected RNFL defect range). (B) Superotemporal localized RNFL defect existed outside the 3.46-mm-diameter scan circle. It leads to misidentification in circumpapillary RNFL thickness measurement. Inferotemporal diffuse RNFL defects (sum > 308) were distributed from 259.88 to 316.38 including vessels between double defects. Fortunately, it nearly fits in the 6-to 7-o'clock sectors, so circumpapillary analysis successfully identified the RNFL defect range. This makes the difference in diagnostic performance between RNFL defect volume/area and circumpapillary RNFL thickness. associated with false-positive detection. False-positive RNFL defects were nasally deviated compared to glaucomatous RNFL defects. This result is consistent with a previous study in which the highest frequency of false-positive defects is located at 5 and 6 o'clock in the inferior quadrant or 12 and 1 o'clock in the superior quadrant. 16 In clinical practice, RNFL defect interpretation combined with locational information could reduce false-positive errors.
Retinal nerve fiber layer deviation map is another interpretation method of RNFL thickness map provided by the manufacturer. Abnormal RNFL measurements below the lower 95th or 99th percentile ranges at the 6 3 6-mm 2 parapapillary area were displayed with yellow or red code in the RNFL deviation map. In a previous study, we have found a topographic similarity of RNFL defect between RNFL thickness map and deviation map. 17 However, the RNFL defect area of RNFL thickness map is significantly greater than that of redcoded deviation map (<1% level), and smaller than that of yellow-coded deviation map (<5% level). 17 The RNFL deviation map might over-or underestimate RNFL defects, although it showed similar shape and location of RNFL defect, compared to RNFL thickness map analysis (Fig. 6) . The discrepancy between the deviation map and the current study's method comes from the definition of RNFL defect. It is more appropriate to define RNFL defect by structural change than statistical percentile deviation, because RNFL defect results from progressive loss of retinal ganglion cell axons.
The RNFL thickness map analysis of Cirrus HD-OCT may be a useful tool for evaluating diffuse RNFL defects. To date, several studies have focused on localized RNFL defects. [2] [3] [4] [5] Few studies [18] [19] [20] have attempted a quantitative analysis to evaluate diffuse RNFL defects because it is difficult to clearly define Compared with the localized RNFL defects, diffuse RNFL defects had larger areas and volumes. Within the diffuse RNFL defect group, moderate-to-advanced glaucoma had a significantly greater RNFL defect area, volume, and width than mild glaucoma. Quantitative measurements of RNFL defects might be useful to evaluate the severity of glaucomatous damage as well as to distinguish between localized and diffuse RNFL defects. The volume of RNFL defects was significantly associated with the severity of glaucomatous damage in diffuse RNFL defects. Jeoung et al. 18 have reported that circumpapillary RNFL thickness shows quantitative correlation with the degree of diffuse RNFL defects. The circumpapillary RNFL thickness is measured on 3.46-mm circle scan only in the zaxis, whereas diffuse RNFL defects are distributed throughout a broad area in the x-y axes. Therefore, three-dimensional volumetric analysis is a more suitable method for quantifying diffuse RNFL defects.
The center of the RNFL defects is a useful reference point to evaluate the topographic characteristics of RNFL defects. Previous studies [3] [4] [5] have used a 3.46-mm-diameter circle to measure angular location and width. However, if RNFL defects exist outside the 3.46-mm-diameter circle, it is impossible to measure angular information. 14, 15 The center of the RNFL defects, around which the distribution is balanced, can always be calculated by mathematical formula. The center of the defect could be an appropriate reference point for the defect location. In addition, the distance from the center of the optic disc to the center of the RNFL defects could be calculated. We found that diffuse RNFL defects were closer to the optic disc than localized RNFL defects, and within the diffuse RNFL defect group, moderate-to-advanced glaucoma was closer to the optic disc than mild glaucoma. If localized RNFL defects expand into diffuse RNFL defects as the disease advances, 10 it can be postulated that RNFL defects expand toward the optic disc. Close observation of RNFL change around the optic disc may be useful for early detection of RNFL defect progression in clinical practice. Monitoring the center of RNFL defects could provide an alternative approach to studying glaucoma progression.
In this study, the volume of RNFL defect is defined as the volume of remaining RNFL in the region of RNFL defect. One should be careful in interpreting the volume of RNFL defect to avoid confusion with the volume of lost RNFL in the region of RNFL defect. The volume of RNFL defect does not necessarily represent the amount of glaucomatous damage. If RNFL defect progresses only by enlargement, with no further thinning of pre-existing RNFL defect, both RNFL defect area and volume will increase. If RNFL defect progresses only by thinning with no enlargement of its area, the RNFL defect area will not change and the RNFL defect volume will decrease. For example, within the localized RNFL defect group, the area of RNFL defect was not significantly different between mild and moderate-to-advanced glaucoma, so RNFL defect progression might depend on thinning rather than enlargement. Contrary to expectation, the volume of RNFL defect was not changed significantly between mild and moderate-to-advanced glaucoma. Because actual RNFL defect progresses simultaneously by both enlargement and thinning, a slight increase of RNFL defect area might affect the RNFL defect volume calculation. In further studies, a new parameter is needed to directly measure the amount of glaucomatous damage.
Structural RNFL loss is known to precede functional visual field damage. 21, 22 Although this study enrolled 102 (60%) mild glaucoma and 68 (40%) moderate-to-advanced glaucoma patients, preperimetric glaucoma was not included. This study showed that, in mild glaucoma group, RNFL defects could be successfully identified by structural RNFL loss. Early detection of RNFL defects before functional visual field loss is expected to be possible, but this study is limited to prove this issue. Further study is required for the preperimetric subjects. All participants of this study were East Asian, so application to other ethnic groups is limited.
In conclusion, RNFL thickness map analysis based on the degree of RNFL loss is an effective approach for analyzing RNFL defects. This technique can identify RNFL defects with clear borders, regardless of whether they are visible or invisible in red-free photography and whether they are localized or diffuse. Quantitative measurements (area, volume, location, and width) of RNFL defects were useful in understanding the diffuse RNFL defects.
